In recent years, 3D scanning and printing of plastics has rapidly matured while printing of metallic parts is only gaining popularity due to required refinements of technology combined with cost-and resources effectiveness for the main components of printers and consumables. The 3D printing allows producing complicated shapes that can be hardly produced by conventional mechanical tools and can provide the functionalization of surfaces. In this work, several different stainless steel (AISI 316 L) surface patterns (flat, gecko's fibrils, dimples, pyramids, mushrooms, mesh, brush, inclined brush) intended for controlling the coefficient of friction were printed with the help of a 3D metal printer by selective laser melting technique. Unidirectional sliding tests were performed with pin-on-disc configuration. Sliding velocity of 5 Â 10 À3 m/s and continuously increasing load ranged from 5 to 103 N has been applied in the course of ''scanning'' mode and accompanied by simultaneous recording of the coefficient of friction. A stainless steel (AISI 316) disc counterbody was used in this series of the tests. It was found that the 3D printed structures allow to control the value and stability of the coefficient of friction in a wide range of loads. Microstructural analysis of the worn samples was performed to support the conclusions regarding wear mechanism.
Introduction
Recent developments of additive manufacturing (AM) technique designed to use high power density laser to melt and fuse metallic powders enabled to process different metallic components of medium and small size and required geometry. 1 A selective laser melting (SLM) is one of the additive manufacturing techniques enabling production of complexshaped objects directly from a metal powder. An advantage of this process is the possibility to manufacture fully-dense metal parts without postprocessing. 2 The most commonly used material for SLM is the stainless steel AISI 316 L. Stainless steels are characterized by relatively poor wear and galling resistance, but are often required for the applications where their corrosion resistance in certain environments is of a primary importance. 3 These materials are generally quite soft, and thus are susceptible to many common forms of wear and contact damage. 3 Because of the inherently poor wear resistance of these alloys, the range of their potential applications is limited. Therefore, modification of the surface of stainless steels to change wear properties without compromising other important properties is a challenge.
Nature has found a way to achieve effective tribological performance by variation of surface feature shapes and sizes. Currently, biomimetic approaches for production of tribological materials attract a great attention when addressing new challenges. [4] [5] [6] [7] [8] [9] Gorb et al. 5 reported more than twofold higher adhesive properties of a biomimetic mushroom-shaped fibrillar microstructure as compared to a flat surface. Climbing ability of geckos due to fibrillar arrays, which cover their feet, resulted in many attempts to mimic it for engineering materials. 6, 7 Study of the effect of hard and soft segments ratio of the bulk polyurethane and microarrays radius on adhesive surface properties was performed in Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Tallinn, Estonia Li et al. 7 Voigt et al. 8 focused on the tarsal morphology of the Colorado potato beetle and its friction on different surface types. With the aim of increasing abrasion resistance, a pyramidal tip shape on the surface 9 can also be used. However, if reduction in friction and, therefore, increase the lifetime of parts, is required, the surface can be modified by dimples. The tribological effect of dimpled surface of laser textured stainless steel rings and favourable reduction in coefficient of friction was demonstrated in Qiu and Khonsari. 10 Furthermore, Roy et al. 11 carried out a detailed tribological study of ceramic hip prostheses with micro-dimples arrays and found a nearly 22% and 53% reduction in friction and wear rate, correspondingly.
With an attempt of using 3D metal printing for bio-mimicking and production of unique topographies for controlling tribological properties, the present study is focused on tribological response of different structural patterns produced from AISI 316 L by SLM process.
Materials and methods

SLM process
Stainless steel AISI 316 L powder with particle size of 10-45 mm was used as a material for producing samples with different surface structures by the selective laser melting process (SLM). In general, a finer powder is available and can be used to provide smoother surface of the printed part; however, it has worse flowability influencing uniformity of powder dispersion and resulting in formation of structural defects such as pores, voids, etc. The selective laser melting process was carried out using a Realizer SLM50 machine. The controlled parameters were as following ( Figure 1 and Table 1 ): (1) the laser current (power), (2) the distance between two neighboring points (point distance) of laser strike (influence) during scanning, (3) the duration of laser strike (exposure time) in each point, (4) the distance between laser hatches (scanning tracks).
Nitrogen was used as a protective atmosphere during the process with an oxygen level less than 0.2 %. To decrease the surface roughness of the outer sections (boundary) of the processed part, the laser current and the point distance were reduced to 1500 mA (36 W) and 10 mm, respectively. The build platform (bed for supporting the 3D structure) was heated up to 200 C prior to and during the printing in order to reduce thermal stresses. Surface patterns
For the current study, the specimens (pins) were modelled with the help of the SolidWorks software. Samples with different surface patterns and the reference flat sample were prepared for comparison of their frictional behavior. A schematic view of the sample model with a flat surface (type 1) is shown in Figure 2 . The lower cylindrical part with a diameter of 3.25 mm and height of 6 mm was used for fixation of the sample in the holder of the testing machine. The diameter of the tested part was varied from 6.0 to 7.5 mm depending on the type of the printed sample. Figure 3 gives the overview of surface pattern types, which were studied in the present work. Table 2 summarizes the main characteristics of the surface patterns being under investigation. Type 1 (Figure 3(a) ) is the flat reference surface without any pattern. Types 2 ( Figure 3 ) and (e)) are the mushroom-shaped patterns with either cup-shaped or flat cap. Each small mushroom (type 7) has three pillars (foots) while large mushrooms (type 6) has only one supporting pillar. To simulate gecko's fibrils (pattern type 8), the sample was modelled from cylinders with hierarchically decreased diameter ( Figure 3(f) ). The smallest cylinder had 170 mm in diameter and 400 mm in height. The next type of the surface pattern was an octet-truss lattice structure ( Figure 3(g) ). The unit cell size was 1000 Â 1000 Â 1000 mm 3 and strut diameter was set to be 300 mm (pattern type 9), 200 mm (pattern type 10), or 150 mm (pattern type 11). The last three types of patterns are also mimicking gecko's fibrils but possessing only one level of cylindrical elements (types 12-14). The diameter of cylinders, being in contact with counterbody, is the same for types 8, 12, 13, and 14. Types 12 and 13 are similar to brush with fibrils positioned normally with respect to the support (perpendicularly to the direction of sliding), while the fibrils of type 14 
Sliding test
Unidirectional sliding tests were carried out with the help of CETR (now Bruker) UMT-2 multi-functional tribo-device in pin-on-disc configuration in dry conditions (without lubrication). The tests were performed in ''scanning'' mode with the single continuous stepless increase (by 9.8 N in minute) in a load from 5 (start of test) to 103 N (end of test) (0.5-10.5 kg) and continuous recording coefficient of friction (COF) as detailed in Gutsev et al. 12 Duration of the test was 10 min to avoid the complete wear of the structures. This method allows fast estimation of COFs and possible specific changes in frictional behavior in a wide range of loads during a single experiment. Sliding velocity was 5 Â 10 À3 m/s. The diameter of sliding track was 32 mm. Prior to the test, the disc made from AISI 316 stainless steel and polished to Ra 0.2 mm was cleaned by acetone. Pins of type 1, 2, 3, 6, 8, 9, 10, 11, 12, and 13 were polished by P400 SiC sandpaper with a load of 5 N to improve the parallelism of mating bodies in the CETR UMT-2 device. The roughness of the pin type 1 after polishing was Ra 0.4 mm. Pins of type 4, 5, 7, and 14 were tested without preliminary polishing in as-received conditions. Duration of polishing was varied depending on the type of structure (1-20 min). It was longer for the flat sample (type 1) and shorter for the fine structures like type 8 and 11. After polishing, the sandpaper was substituted by the stainless disc. Tests were repeated at least two times with fresh samples. The test with the same sample of type 11 was repeated four times to study the change in frictional behavior. Examination of the surfaces before and after the experiments was performed by the scanning electron microscope (SEM) Hitachi TM1000.
Results and discussion
Printed structures
The SEM images of different types of surface patterns are shown in Figure 4 . It was initially planned to print the smallest cylinders of gecko's fibrils with the diameter of 140 mm while the fibrils were deformed and distorted during processing. As a consequence, the fibrils with a diameter of 170 mm were successfully prepared and studied (Figure 4(e) ). In order to obtain fine structures, an optimization of the processing route in terms of the point distance, laser current and exposure time is required. Bonded powder particles are usually observed on the slope and lateral (Figure 4(a) ) was fully removed during preliminary polishing while large mushrooms had the cup-shaped cap even after polishing (Figure 4(c) ). Straight brush patterns are more close to the desired shape while inclined brush fibrils have sufficient distortion (Figure 4(g) and (h) ). Laser treatment in SLM process is done point by point, track by track, layer by layer. According to such hierarchy of the process, separate layers and scanning tracks can be visible. Figure 5 shows places where tracks and layers related phenomena are clearly observed on the surface of the sample with pattern type 2 (large dimples), which is schematically explained below. As shown on the scheme ( Figure  5 ), a single layer of powder is melted track by track. Each point was in liquid state during some time (called melt pool). The diameter of each circle is determined by the combination of laser power, exposure time, and laser spot size. It is required to provide overlapping of neighboring melt pools and tracks respectively to produce fully solid material. Point distance is a few times smaller than melt pool size to move the melt pool in the liquid state along the track during scanning. During melting of the next layer, one or few previous (already solidified) layers can be partially or fully remelted depending on layer thickness, laser power, and exposure time. This provides bonding of layers and rise of bulk density. Bonded powder particles (without complete melting) are inevitable and appear on the boundary of the part.
Tribological behavior
Graphs showing the effect of load on the coefficient of friction of various surface patterns are given in Figure 6 . The worst frictional behavior was observed in the case of type 1 pattern (flat). COF was rising from 0.2 to 1.0 and was extremely unstable with a high-frequency noise. In order to avoid damage of the device, the test was stopped when the load reached 90 N. Dimples (types 2 and 3) provided a positive effect to the frictional behavior by stabilizing the sliding (reduced variation in COF). The friction force was significantly reduced for the whole range of loads. The large dimples (diameter 1000 mm) were less efficient than the small (diameter 400 mm) dimples while the volume of all dimples and the contact area for both types of samples were similar. The pyramids (types 4 and 5) were able to increase the COF only in the beginning of the test (types 4 and 5). After the load of 15 N (blunting of the tips), the frictional behavior of these samples was similar to the surface with dimples. If high COF is required for a longer time, it is theoretically possible to apply hard thin coatings on the top of such structures to increase their hardness and reduce wear. Bending and fracturing of the large mushrooms (type 6) and the gecko's fibrils (type 8) was found in some cases (approximately every third sample was severely deformed). The process of deformation was observed during the test and it was progressive and not abrupt. First single failed element was pushing next elements (features) and finally causing their failure. Besides, after the failure of the first element the remaining elements experienced higher specific load.
The small mushrooms with the flat caps (type 7) were not providing increased COF in the whole range of loads (as it was expected) and were always fractured during the test since it was not possible to provide preliminary polishing of such structures. As a result, height of all the elements was varied causing overloading of the highest elements, which contact a mating disc, and their progressive deformation. Similar to the large mushrooms (type 6), the gecko's fibrils (type 8) were providing a stable low coefficient of friction in the whole range of loads. This behavior is completely different from what was expected for such type of structures (one of the lowest, instead of highest COF). Figure 7 presents a possible explanation of this phenomenon. In the case of a flat specimen, the solid-phase welding (strong adhesion) of contacting bodies is initiated (Figure 7(a) ). The fragment keeping between the bodies is carrying the whole load that results in rolling and sliding of such fragments along the whole diameter (width) of the pin (if it is flat). During the rolling and sliding, the fragment is growing and damaging both the surfaces ( Figure  7(b) and (c) ). Such rough irregular surface provides conditions for generation of new fragments. In the case of a discontinuous surface consisting of many small elements, the probability for development and growth of wear fragments is reduced. Besides, the space between elements of the surface pattern provides the space for storing of such fragments that might later escape due to inevitable vibration of bodies and appearance of the gap between them. When the pattern elements are printed with diameters comparable to ones existing in nature (several mm in the case of gecko's finest fibrils) then it will be possible to expect a change in wear behavior and value of COF. The octet-truss lattice (type 9-11), the long brush (type 13), and the inclined brush (type 14) structures are also providing low and stable friction coefficient in the whole range of loads due to the mechanism described above. Types 10 and 11 (the octet-truss lattices with a strut diameter of 200 or 150 mm), 13 and 14 (the long and inclined brushes) are having the lowest COF even at the highest load of 103 N (COF ¼ 0.2) that is five times lower than that observed for the flat sample (type 1, COF ¼ 1.0) providing the evidence of possibility to control the friction by engineering the material surface patterns.
The short brush (type 12) with the length of fibrils being even longer than that of the gecko's ones (while with the same diameter) has increased friction at higher loads. It can be explained by the fact that tips of the gecko's fibrils pattern can be moved to higher distance (in direction of sliding) due to the hierarchical structure. The coefficient of friction of the inclined brush is the lowest and the most stable. Figures 8 and 9 give some insight on the mechanism of wear of pins and disc. Blunting of the tips of pyramids is seen in Figure 8 lattice structure with the largest (300 mm) diameter of struts has some gaps that are completely filled by the wear debris (Figure 8(b) ) while the same type of structure with the smaller struts (150 mm, type 11, Figure  8 (c)) has no visible presence of the wear debris inside the pattern. In all probability, the size of gaps (free space) should be larger than the size of wear debris to provide their cyclic cleaning (removal of debris) due to vibration. COF of the type 9 (octet-truss lattice 300) structure was less stable than that of type 10 or 11 due to clogging of the gaps (Figure 6(j) to (l) ). After clogging of the gaps by wear debris, the pattern of type 9 starts to behave similarly to the pattern type 1 (flat). Even higher friction coefficient was observed for the type 12 pattern (short brush) that is explained by complete clogging of the gaps and formation of solid-phase welding spots (Figure 8(d) ) similar to that observed in case of the flat mating surfaces. Increase in length of brush fibrils reduces the clogging (Figure 8(e) ). No clogging and worn contact areas at the tips of the inclined brush fibrils are seen in Figure 8 (f).
In order to provide confidence on the performance of the self-cleaning process of type 11 structure (the octet-truss lattice 150), the test with the same sample was repeated four times. The behavior during second and third tests was similar while during the fourth test the sudden rise of COF was observed that was caused by wear of the pattern. The COF started to rise as soon as more than 50 % of the height of the octet-truss lattice was removed. Probably, removal of wear debris through the lateral faces was also of high importance. Such removal is not available in the structure with dimples that have higher COF (compare Figure 6 (l) and (o) with 6(b) and (c)).
The size of wear fragments present on the surface of the stainless disc are the largest in the case of flat reference sample (Figure 9 ). They can reach up to 1500 mm in length. Fragments of slightly smaller size are observed in case of the surface with both the large or small dimples (types 2 and 3). The large pyramids and the gecko's fibrils-type patterns (types 4 and 8) produce separated tracks with wear fragments size up to 50 mm. Similar size of fragments is found after sliding wear by the octet-truss lattice structure (type 11). The similarity in size of wear fragments after testing of the large pyramids and the gecko's fibrilstype patterns while taking into account their different coefficients of friction turns to a conclusion that more flexible pattern elements are preferred. They can bypass the irregularities of the counterbody; besides if adhesive bonding takes place then bending of an element can facilitate its withdrawal. The importance of flexibility of elements is confirmed by testing of the inclined brush pattern providing the lowest friction coefficient and almost no damage to the disc. It can be concluded that at least four factors should be taken into account to achieve the low COF of stainless steel tribocouple during dry sliding: (1) minimization and (2) flexibility of surface pattern elements, (3) space for storing of wear debris, (4) removal of wear debris from the storing locations. The results of current work can be used for design of new surface patterns or composite materials intended for various areas of applications where wear and friction aspects are crucial (sliders, clamping parts, plain bearings, etc). It can be expected that patterns having the lowest coefficient of friction in dry conditions will work well under lubricated conditions as well.
Conclusions
The study of frictional behavior of different stainless steel surface patterns prepared by the SLM has been conducted, and the following conclusions can be withdrawn:
. Minimizing of surface pattern elements is limited by the current capability of the SLM machine. It was possible to produce straight columns (pillars) of 170 mm in diameter for gecko's fibrils-and brush-type structures without distortion. The smaller pillar diameter can be achieved by optimizing the SLM parameters. . The flat reference pin shows the highest and the most unstable values of the coefficient of friction caused by the formation of large (up to 1500 mm in length) wear fragments and solid-phase welding. . The Gecko's fibrils, octet-truss, long brush, and inclined brush (the best) type structures provided the lowest and the most stable coefficient of friction (COF ¼ 0.2) being up to five times lower as compared to the flat pins. . The pyramids had a high coefficient of friction only at the first stage of testing before the blunting of tips.
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